We investigated whether exposure to ozone (O 3 ) 24 hours after an sputum supernatant obtained from subjects with asthma after allergen challenge test would increase airway eosinophilia induced exposure to O 3 (12, 13).
Subjects
The strict link between increased air pollution and hospital
We studied 12 subjects with mild persistent asthma who had not received admissions is well known (1). Epidemiologic studies have regular treatment in the last 3 months but had used short-acting, inhaled shown that patients with asthma are at increased risk for ␤ 2 -agonists as needed. All subjects were free from upper respiratory adverse effects due to exposure to ambient levels of pollutinfections for at least 6 weeks before the study. Diagnosis of asthma ants (2, 3).
and assessment of asthma severity were made according to international Laboratory studies have demonstrated that short-term guidelines (19) . All subjects underwent a nonspecific challenge test ozone (O 3 ) exposure, at a concentration similar to that enwith methacholine by means of the previously described method for evaluating bronchial hyper-reactivity (20) . All had shown a dual (early countered in the ambient air, causes a decrease in pulmonary and late) response to a previous allergen challenge performed 3 to 6 function both in normal subjects and in subjects with asthma, months before the study. The functional characteristics of the 12 subthe decrease being more pronounced in the latter group (4, jects examined are reported in Table 1 .
5). A neutrophilic inflammatory response in the airways of
The study was approved by the Hospital Medical Ethics Committee, both normal subjects and subjects with asthma is evident 6 and informed consent was obtained from all participants.
to 18 hours after short-term exposure to O 3 , both in bronchoalveolar lavage fluid and in induced sputum (6-9). Bascom
Study Protocol
and coworkers have reported that subjects with allergic rhiniExposures were done in a single-blind manner: subjects were not aware tis exposed to 0.5 ppm O 3 for 4 hours had an increased of the type of exposure. All subjects came to the laboratory at 8:00 influx of eosinophils in the nasal lavage fluid (10). Peden and a.m. on four different days (Figure 1 ). On Day 1, all subjects underwent coworkers demonstrated that subjects with asthma exposed the allergen challenge test. On Day 2 (24 hours after the allergen test), to 0.16 ppm O 3 for 7.6 hours had a significant increase of they were randomly exposed to air or O 3 (0.27 Ϯ 0.04 ppm) for 2 hours. Four weeks later (Day 3), all subjects repeated the allergen challenge eosinophils in the bronchoalveolar lavage fluid (11). Some test, and on Day 4 (24 hours after the allergen challenge), they were studies have reported an increase in eosinophilic cationic again randomly exposed to O 3 or air for 2 hours. In both allergen protein level both in bronchoalveolar lavage fluid and in challenges, the same dose of inhaled allergen was used. During the exposure, subjects exercised for 20 minutes every hour on a cycloergometer at a workload predetermined to produce a ventilation rate of 25 L/minute per square meter of body surface area.
Before and after each 2-hour exposure to air or O 3 , pulmonary Sputum processing. Sputum was processed as soon as possible (within method described previously (20) . Early and late airway responses were 2 hours) after collection, according to a method derived from Pin and reported as the maximum percentage change in FEV 1 during the first coworkers (22) . Two investigators, blinded to the subjects' history and hour or between 2 and 8 hours after allergen inhalation, respectively. exposure, each counted at least 500 cells on each sputum slide. MacroIn each test, the same total dose of allergen was delivered. The reprophage, lymphocyte, neutrophil, and eosinophil counts were expressed ducibility of the test was good (21) .
as a percentage of the total number of inflammatory cells, excluding Challenge chamber. Subjects were exposed for 2 hours in a 9-m 3 static squamous cells. The quality of the cytospin was defined by an association challenge chamber made of glass and aluminum, while they exercised on of various characteristics, such as absence of debris, well-preserved a stationary cycloergometer for 20 minutes every hour. The mean (Ϯ cell outline, low number of damaged cells, low number of squamous SD) air temperature was 21 Ϯ 1ЊC, and the relative humidity was 45 Ϯ epithelial cells (Ͻ 20%), and cell viability greater than 60%.
5%. Methods of O 3 generation and conditions of exposure have been
Interleukin-8 level in sputum supernatant. Antigenic interleukin-8 reported previously (9). The mean O 3 concentration was 0.27 Ϯ 0.04 levels in sputum supernatant were quantified using a sandwich enzymeppm.
linked immunosorbent assay, as described previously (9). The lower Hypertonic saline inhalation test. The hypertonic saline inhalation limit of interleukin-8 detectable by this assay is 10:00 p.m. All samples test was performed according to the method of Pin and coworkers (22) , were assayed in duplicate, and mean values were computed. with partial modification (23) . Hypertonic saline solution was inhaled
Statistical Analysis
Maximum FEV 1 decrease during early and late airway responses, FVC, vital capacity, FEV 1 (as percentage of the predicted value), and total symptom score are expressed as mean Ϯ SD. Differential cell percentages in induced sputum and interleukin-8 levels in the supernatant are expressed as median and range.
A paired t test was used to compare late airway response to allergen challenge before O 3 exposure and before air exposure. A concordance index between the maximum percentage change in FEV 1 during late airway response obtained in the two tests was computed.
Paired t tests were also used to compare the FVC, FEV 1 , and vital capacity values obtained after O 3 exposure with those obtained after air exposure. Nonparametric Wilcoxon test was used to compare cell percentages in the induced sputum and interleukin-8 concentrations in the supernatant after O 3 exposure with the corresponding values obtained after air exposure.
RESULTS
The mean values of early and late airway responses to the aller- the late airway responses was good (0.72). (Figure 2) .
PREDICTIVE VALUE), AND TOTAL SYMPTOM SCORE BEFORE
The interleukin-8 level in sputum supernatant obtained after is present.
VC after
One of the most important differences between our study of O 3 exposure on the airways of subjects experiencing a laboratory-induced exacerbation of asthma that is similar to what individuals with allergic asthma can have during natural allergen exposure. Furthermore, whereas the aim of previous investigaThe FEV 1 values measured immediately before exposure to tors was to study the relationship between pollutants and aller-O 3 or air were not significantly different (82.4 Ϯ 10.4% and gens in terms of functional airway response in subjects with 83.0 Ϯ 10.4%, respectively), but they were significantly lower allergic asthma, our principal purpose was to examine the profile than those measured before allergen challenge 24 hours preof cellular inflammatory response in induced sputum when the viously (97.1 Ϯ 9.5% and 95.1 Ϯ 9.5%, respectively).
pollutant exposure followed the allergen challenge. The 1-day Exposure to O 3 induced a functional response. The FVC, interval between allergen challenge and O 3 or air exposure was FEV 1 , and vital capacity values, measured immediately after O 3 chosen to allow at least a partial recovery of the functional exposure, were significantly lower than those obtained after air response before the exposure to O 3 or to air. exposure. The total symptom score obtained at the end of O 3 Peden and coworkers (17) showed that previous exposure of exposure was significantly higher than that obtained at the end subjects with perennial allergic asthma to 400 ppb O 3 for 7.6 of air exposure (Table 2) .
hours significantly increased the allergen-induced release of eoAll subjects were able to produce sputum samples of adequate sinophilic cationic protein in nasal lavage fluid. Wang and coquality after both O 3 and air exposures. The percentage of eosinworkers (18) demonstrated that 400 ppb nitrogen dioxide alone ophils in the induced sputum obtained after O 3 exposure was did not alter eosinophilic cationic protein concentration in the significantly greater than that in the induced sputum obtained nasal lavage fluid of subjects with seasonal allergic rhinitis, after air exposure (27.5% [2.3-72.8%] after O 3 versus 9.9% [3.5-whereas the same concentration of nitrogen dioxide followed 71.5%] after air; p ϭ 0.04) (Figure 2 ). The percentage of neutroby allergen challenge increased the concentration of eosinophilic phils in induced sputum obtained after O 3 exposure was not statistically different from that in induced sputum obtained after cationic protein in the nasal lavage fluid. These results suggest that pollutants may "prime" the eosinophils for subsequent actiexposure. Other chemotactic mediators could be involved, as suggested by recent animal and in vitro studies (36, 37) . vation by allergen.
The levels of exposure to O 3 that we used in the challenge It is well known that inhalation of allergen results in a marked chamber were slightly higher than those measured in the ambient increase in eosinophils in bronchoalveolar lavage fluid, in bronair during rush-hour traffic (38) , but there was some concern chial biopsy specimens, and in induced sputum obtained at the that a low concentration of O 3 would not be able to induce a time of or immediately after the late airway response (24, 25) . measurable response for a short-term exposure (39) . Other experiIt is also known that allergen inhalation produces an increase mental studies have used similar O 3 concentrations (10, 16). in airway permeability (26) . Studies investigating the pathophysi-
In conclusion, our data show that O 3 exposure can potentiate ologic effects resulting from inhalation of O 3 have demonstrated the eosinophilic airway inflammatory response due to allergen that exposure to this pollutant leads to epithelial damage and inhalation in subjects with asthma. This finding may help explain increases epithelial permeability, as indicated by leakage of lacthe interaction between allergen and pollutant exposure, and in tate dehydrogenase, albumin, and total protein and by the release particular, the increased severity of asthma exacerbation due to of inflammatory cytokines such as granulocyte-macrophage colair pollution. ony-stimulating factor, interleukin-6, and interleukin-8 (27, 28) . Other studies show that O 3 elicits an expression of adhesion show an increased level of interleukin-8 in sputum after O 3
